Background--Biventricular failure is associated with high in-hospital mortality. Limited data regarding the efficacy of biventricular Impella axial flow catheters (BiPella) support for biventricular failure exist. The aim of this study was to explore the clinical utility of percutaneously delivered BiPella as a novel acute mechanical support strategy for patients with cardiogenic shock complicated by biventricular failure.
extracorporeal centrifugal flow pumps for left or right atrial unloading (TandemHeart; TandemLife Inc), or venoarterial extracorporeal membrane oxygenation (VA-ECMO). 9, 10 Common AMCS strategies for BiVF include VA-ECMO, biventricular TandemHeart pumps, and various combinations of left-sided Impella and TandemHeart or VA-ECMO pumps. Based on results of the Recover Right Trial, the Impella RP is approved for clinical use in the United States as an RV support device. 11 Since 2013, 3 single-patient case reports have described the use of 2 microaxial flow Impella catheters for biventricular support (BiPella) [12] [13] [14] ( Figure 1 ). The aim of this study was to determine the hemodynamic effect and clinical utility of the BiPella configuration for BiVF in real-world practice.
Methods
We retrospectively analyzed the records of 20 patients with BiVF who received BiPella support between 2013 and 2016 from 5 tertiary care institutions. BiPella support was defined as any combination of percutaneously delivered Impella 5.0, Impella CP, or Impella 2.5 for LV support and Impella RP for RV support. The decision to implant BiPella for biventricular support was operator dependent. Patients receiving VA-ECMO, TandemHeart, or surgically implanted ventricular assist devices (VADs) before BiPella initiation were excluded. All subjects received standard clinical care for BiVF during their index hospitalization. The institutional review board for each participating institution approved this study. Subject informed consent was waived. Demographic information, hemodynamic and echocardiographic data, laboratory parameters, and outcome data were recorded by investigators at each institution. Implantation sequence and timing as well as flow settings were dictated by operators at each institution without a uniform, predefined protocol or algorithm. To explore the hemodynamic effect of BiPella, pulmonary artery (PA) catheter indices acquired within 24 hours before and after implantation of both LV and RV support devices were compared. In all 20 subjects, both preand post-BiPella hemodynamics were available. Cardiac filling pressures, cardiac output (CO) by the Fick method, and established indices of RV function including the right atrial (RA) pressure/pulmonary capillary wedge pressure (PCWP) ratio, the pulmonary artery pulsatility ratio (PA pulse pressure/RA pressure), and RV stroke work index ( 
Clinical Perspective
What Is New?
• Biventricular support with 2 axial flow Impella catheters (BiPella) improves the hemodynamic profile of patients with cardiogenic shock.
• Compared to staged implantation, simultaneous deployment of left ventricular and right ventricular Impella support devices is associated with improved survival.
• Indices of increased right ventricular afterload in cardiogenic shock are associated with higher in-hospital mortality among BiPella recipients.
What Are the Clinical Implications?
• Nonsurgical deployment of left ventricular and right ventricular Impella catheters for biventricular circulatory support is clinically feasible with no intraprocedural mortality or device failure.
• Careful evaluation of hemodynamic parameters, including indices of right ventricular afterload, is important for guidance of device selection. Algorithms are required to guide optimal device utilization.
signs of hemorrhage associated with a drop in hemoglobin, or fatal bleeding that resulted with in death within 7 days of device implantation. 15 The presence of device-associated hemolysis was self-reported by each institution according to their internal definitions, which were not defined a priori and included either increased serum lactate dehydrogenase or plasma-free hemoglobin levels, new hemoglobinuria, or new anemia not related to bleeding that required treatment with a blood transfusion.
Statistical Analysis
Data are expressed as meanAE95% confidence interval (95% CI) for continuous variables. Differences between groups and conditions were compared by Student t test for continuous variables and Fisher's exact test for categorical variables. Within a survival cohort, pair-wise t tests were used for preversus postcomparisons whereas data between survival cohorts were analyzed using 2-sample equal variance t tests. All statistical analysis was performed using GraphPad Prism software (GraphPad Software Inc, La Jolla, CA). A P value of <0.05 denoted significant difference.
Results

Demographics and Implant Characteristics
Baseline characteristics of the total study population stratified by in-hospital survival are provided in (Table 2) . Indications for BiPella included acute myocardial infarction (55%; n=11), acutely decompensated heart failure (35%; n=7), and myocarditis (10%; n=2). All acute myocardial infarction patients underwent emergent and successful percutaneous coronary revascularization. Left-sided support was provided with an Impella 5.0 (n=8), Impella CP (n=11), or Impella 2.5 (n=1). Impella 5.0 was implanted by the axillary route in 7 of 8 patients. All other patients received Impella 5.0, CP, or 2.5 devices by a femoral artery. All patients received an Impella RP by a femoral vein for RV support. Mean flows achieved 
Analysis of RV Afterload Indices
Based on these data, in-hospital mortality appeared to be associated with pulmonary hypertension before BiPella implantation. Figure 4 ). PVR and PA compliance were inversely related (R=À0.6; P<0.05) and the PVR/PA compliance ratio was higher among nonsurvivors (6.2; 95% CI, 4.2-8.2 versus 1.1; 95% CI, 0.2-1.7; nonsurvivors versus survivors; P<0.001; Figure 5 ).
Discussion
This report is the largest, retrospective analysis of patients receiving 2 percutaneously delivered microaxial flow Impella catheters for LV and RV support in the setting of CS complicated by biventricular failure. The central finding of this report is that BiPella is clinically feasible and associated with reduced cardiac filling pressures and improved CO across a range of causes for CS. Overall in-hospital mortality remained high for this critically ill population with severely depressed LV function, massively elevated biventricular filling pressures, reduced RV function, evidence of multiorgan impairment, and elevated lactate levels. Demographic characteristics favoring survival among Bipella recipients for CS included lower age, reduced vasopressor and inotrope requirement before BiPella support, and implantation of LV and RV devices during the same procedure. A closer look at the hemodynamic condition of patients in this study identified that survivors had lower PA pressures compared with nonsurvivors. Based on this observation, we studied indices of RV afterload and identified that high PVR, high effective PA elastance, and lower PA compliance were associated with in-hospital mortality. These findings identify, for the first time, that BiPella support is feasible, improves hemodynamic conditions in CS, and may be more effective in patients with low PA pressures and reduced RV afterload. The use of surgical VADs has increased exponentially with over 13 000 implants between 2006 and 2014. 16 The use of BiVADs accounts for only 5% of all implants for primary LV failure; however, BiVADs are associated with higher short-and long-term mortality compared with isolated left ventricular assist device support. 16 Multiple past studies have identified risk factors for requiring BiVAD support among patients referred for left ventricular assist device implantation, which include higher vasopressor or inotropic requirements, low RV stroke work, high PVR, and laboratory parameters consistent with impaired hepatic or renal function. [17] [18] [19] [20] [21] In addition, past studies have identified that elective BiVAD implantation during the same procedure is associated with improved outcomes compared with delayed initiation of RV support after left ventricular assist device implantation. 22, 23 No past studies have explored these observations in the setting of percutaneously delivered acute mechanical circulatory support pumps for biventricular failure. We have shown that 90% of patients who survived received a simultaneous implant of their AMCS devices. Our results, in conjunction with the established data from the surgical community showing improved survival with simultaneous biventricular support, imply that simultaneous implant of AMCS devices might also be associated with improved survival with percutaneous support. Our findings have several major implications for the field of mechanical circulatory support. First, we identified that nonsurgical, rapid deployment of LV and RV Impella catheters for biventricular circulatory support is clinically feasible across multiple centers without intraprocedural mortality or device failure. This represents a significant advance in our ability to provide hemodynamic support for patients with cardiogenic shock. Past biventricular support approaches include use of extracorporeal centrifugal flow pumps and include the TandemHeart device or VA-ECMO. 24, 25 The TandemHeart device requires a trans-septal puncture to deliver an inflow cannula into the left atrium for LV support. As a result, the TandemHeart BiVAD requires three 21-Fr venous cannulas (trans-septal, RA, and PA cannulas) and a 15-to 19-Fr arterial cannula. This approach is technically challenging to accomplish and may be associated with a high rate of bleeding. 26 VA-ECMO alone fails to provide biventricular support and often requires concomitant use of a mechanism to "vent" or reduce LV pressures, which may include an Impella LV catheter, intra-aortic balloon pump, or drainage cannula in the left atrium. [27] [28] [29] BiPella utilizes 2 axial flow pumps mounted on 11-Fr (RV) and 9-Fr (LV) catheters that are deployed by a femoral venous and arterial access site, respectively. [12] [13] [14] We identified a relatively low rate of complications, including hemolysis and Thrombolysis in Myocardial Infarction major bleeding and a single episode of limb ischemia in a patient receiving Impella CP support by percutaneous puncture of the left axillary artery. An unresolved limitation of all 3 contemporary percutaneous biventricular support approaches is the requirement for femoral vascular access, which restricts patient mobility. The Impella LV catheters can be deployed by the axillary artery; however, the Impella RP device currently requires femoral venous access. Second, consistent with reports from the surgical VAD literature, we identified that higher preprocedural vasopressor and/or inotropic requirements and increased lactate levels are associated with higher mortality. Both of these indices may be considered markers of a more-prolonged duration of cardiogenic shock leading to metabolic failure. At this stage, acute mechanical circulatory support may be insufficient to improve survival. These findings highlight the importance of early identification and referral for acute mechanical circulatory support in patients with cardiogenic shock.
Third, we identified that, among BiPella recipients, inhospital mortality is associated with elevated PA pressures and that, compared with survivors, nonsurvivors also had a higher RV stroke work index before BiPella implantation. These observations suggest that these patients may not have had biventricular failure, but rather had CS attributed to LV failure with secondary pulmonary hypertension and subsequent biventricular congestion. The nonsurvivor cohort may therefore not have benefited from implantation of a biventricular support device. Recent data suggest that elevated leftsided filling pressures may serve as an "amplifier" of RV afterload by reducing PA compliance and increasing PVR. 30 Our analysis identified that indices of increased RV afterload, including PVR, PA compliance, and both PA elastance and effective PA elastance (corrected for PCWP), are associated with poor survival. 31, 32 We also observed that reduced PA compliance inversely correlated with PVR and furthermore that the ratio of these 2 variables correlates with survival among Bipella recipients. These observations suggest that more than 1 component of RV afterload is associated with clinical outcomes among Bipella recipients and that, with further study, hemodynamic indices with prognostic implications for patients with biventricular failure may be developed. One explanation for this observation is that elevated RV afterload may be an indicator of disease severity and chronicity, suggesting that BiPella support may not improve survival. Furthermore, given that rotary flow pumps are sensitive to afterload, high RV afterload may be associated with lower flow through the RV support system. 33 Finally, increased PVR may be fixed, as opposed to reversible, thereby serving as an obstruction to antegrade flow from an RV support system and limiting LV preload. In cases with severely elevated PVR, reducing RV preload with VA-ECMO and a concomitant LV vent may be a better alternative to BiPella. Collectively, our findings suggest that close attention to pulmonary vascular load indices may help identify potential candidates for BiPella therapy. Limitations of our study include the small number of patients studied, which limited our ability to perform subgroup analyses. Furthermore, the retrospective nature of the analysis limited our ability to rigorously identify predictors of outcomes associated with BiPella therapy. Additionally, this was a multicenter study in which indications for BiPella implantation varied between institutions. The combinations of left-and right-sided support devices also differed between patients and may have had effects on outcomes. Future studies with larger cohorts of patients are required.
In conclusion, use of acute mechanical circulatory support devices for cardiogenic shock is growing. The ability to now provide biventricular circulatory support using 2 microaxial flow Impella catheters opens many new possibilities for the treatment of CS and advanced heart failure. Furthermore, the availability of these powerful tools mandates us all to become more familiar with advanced hemodynamics, especially around biventricular interactions and the right ventricularpulmonary arterial axis. Findings from this analysis may support the development of future treatment algorithms and prospective studies evaluating the use of BiPella in patients with acute myocardial infarction, acutely decompensated heart failure, pulmonary hypertension, or as a bridge to durable VAD therapy.
